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SINGLE PATH RADIAL MODE 
CORIOLIS MASS FLOW RATE METER 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to Coriolis mass flow 
rate meters and, in particular, to Coriolis mass 
flow rate meters using a single straight flow 
conduit to measure mass flow rate. 

BACKGROUND OF THE INVENTION 

In the art of Coriolis mass flow rate meters it 
is well known that a vibrating flow conduit carrying 
mass flow pauses Coriolis forces which deflect the 
flow conduit away from its normal vibration path 
proportionally related to mass flow rate. These 
deflections or their effects can then be measured as 
an accurate indication of mass flow rate. 

This effect was first made commercially 
successful by Micro Motion Inc. of Boulder Colorado. 
Early designs employed a single vibrating U-shaped 
flow conduit which was cantilever mounted from a 
base. With nothing to counter-balance the vibration 
of the flow conduit, the design was highly sensitive 
to mounting conditions and so was redesigned to 
employ another mounted vibrating arrangement which 
acted as a counter-balance for the flow conduit 
similar to that disclosed in their U.S. Patent Nos. 
RE-31,450 and 4,422,338 to Smith. Problems occurred 
however since changes in the specific gravity of the 
process -fluid were not matched by changes on the 
counter -balance, an unbalanced condition could 
result causing errors. Significant improvement was 
later made by replacing the counter-balance 
arrangement by another U-shaped flow conduit 
identical to the first and splitting the flow into 
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parallel paths, flowing through both conduits 
simultaneously. This parallel path Coriolis mass 
flow rate meter (U.S. Patent No. 4,491,025 to Smith 
et al . ) solves this balance problem and has thus 
become the premier method of mass flow measurement 
in industry today. 

Many other flow conduit geometries have been 
invented which offer various performance 
enhancements or alternatives. Examples of different 
flow conduit geometries are the dual S-tubes of U.S. 
Patent Nos. 4,798,091 and 4,776,220 to Lew, the 
omega shaped tubes of U.S. Patent No. 4,852,410 to 
Corwon et al., the B-shapes tubes of U.S. Patent No. 
4,891,991 to Mattar et al . , the helically wound flow 
conduits of U.S. Patent No. 4,756,198 to Levien, 
figure-8 shaped flow conduits of U.S. Patent No. 
4,716,771 to Kane, the dual straight tubes of U.S. 
Patent No. 4,680,974 to Simonsen et al . and others. 
All of these geometries employ the basic concept of 
two parallel flow conduits vibrating in opposition 
to one another to create a balanced resonant 
vibrating system. 

Although the parallel path Coriolis mass flow 
rate meter has been a tremendous commercial success, 
several problems remain. Most of these problems are 
a consequence of using flow splitters and two 
parallel flow conduits in order to maintain a 
balanced resonant system. In addition, most designs 
employ flow conduits that are curved into various 
shapes as previously described to enhance the 
sensitivity of the device to mass flow rate. These 
two common design features cause a number of 
problems which preclude the use of Coriolis 
technology in many applications that would benefit 
from its use. 
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Among the problems caused by the flow splitters 
and curved flow conduits are: (1) excessive fluid 
pressure-drop caused by turbulence and drag forces 
as the fluid passes through the flow splitters and 
curves of the device, (2) difficulty in lining or 
plating the inner surface of geometries having flow 
splitters and curved flow conduits, with corrosive 
resistant materials, (3) inability to meet food and 
pharmaceutical industry sanitary requirements such 
as polished surface finish, non-plugable, self-- 
draining, and visually inspectable, (4) difficulty 
in designing a case to surround dual curved flow 
conduits which can contain high rated pressures, (5) 
difficulty in designing flow meters for 6" diameter 
and larger pipelines and (6) difficulty in reducing 
the cost of current designs due to the added value 
of flow splitters, dual flow conduits and curved 
flow conduit fabrication. 

It is therefore recognized that a Coriolis mass 
flow rate meter employing a single straight flow 
conduit would be a tremendous advancement in the 
art. 

It is the object of the present invention 
therefore to disclose a means whereby a Coriolis 
mass flow rate meter can be created using a single 
straight flow conduit thereby eliminating the 
problems caused by flow splitters, dual flow paths 
and curved conduits while retaining the current 
advantages of balance and symmetry. 

SUMMARY OF THE INVENTION 

The foregoing has outlined rather broadly the 
features and technical advantages of the present 
invention in order that the detailed description of 
the invention that follows may be better understood. 
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Additional features and advantages of the invention 
will be described hereinafter which form the subject 
of the claims of the invention. It should be 
appreciated by those skilled in the art that the 
conception and the specific embodiment disclosed may 
be readily utilized as a basis for modifying or 
designing other structures for carrying out the same 
purposes of the present invention. It should also 
be realized by those skilled in the art that such 
equivalent constructions do not depart from the 
spirit and scope of the invention as set forth in 
the appended claims. 

According to the object of the present 
invention, a Coriolis mass flow rate meter is herein 
provided utilizing a single straight flow conduit 
and a unique vibration method thereby eliminating 
the problems caused by flow splitters and curved 
flow conduits while retaining the current advantages 
of balance and symmetry. 

The basic operation of a commercially available 
Coriolis mass flow rate meter according to current 
art will now be described. Normally two process- - 
fluid filled flow conduits are employed in a 
parallel -path or serial -path configuration. The two 
flow conduits form a balanced resonant system and as 
such are forced to vibrate in a prescribed 
oscillatory bending-mode of vibration. If the 
process -fluid is flowing, the combination of fluid 
motion and conduit vibration causes Coriolis forces 
which deflect the conduits away from their normal 
(no flow) paths of vibration proportionally related 
to mass flow rate. These deflections, or their 
effects, are then measured as an accurate indication 
of mass flow rate. 

As previously described, only one flow conduit 
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is necessary for measuring mass flow rate in this 
manner. However, to achieve the superior performance 
afforded by a balanced resonant system, it's 
necessary to counter-balance the reaction forces 
from the forced vibration, thus a second flow 
conduit is normally employed. For very small meter 
designs the mass and stiffness properties of the 
mounting conditions can be sufficiently great to 
counteract the reaction forces from the forced 
vibration thereby allowing the use of only one flow 
conduit. Accordingly, Micro Motion Inc. presently 
offers only their two smallest flow meters, the 
model D6 (1/16" line size) and the model D12 (1/8" 
line size) in a single curved flow conduit 
configuration. 

A single straight flow conduit while solving 
the aforementioned problems caused by flow splitters 
and curved conduits, has therefore not been 
commercially successful in Coriolis mass flow rate 
meter designs, especially for large flow conduits. 
This failure is due to the inherent imbalance of a 
single straight flow conduit in any natural 
bending-modes of vibration. A straight flow conduit 
fixedly mounted at both ends has a number of natural 
bending-modes of vibration wherein the center- line 
of the conduit deflects or rotates away from its 
rest position in a number of half sine -shaped waves 
along the length of the conduit. Higher frequency 
bending-modes involve increasing numbers of these 
half sine-shaped waves in integer multiples. Bach 
of these bending-modes causes reaction forces 
applied to the conduit mounts creating balance and 
accuracy problems analogous to the single curved 
flow conduit models previously described. A single 
straight tube design of this nature is disclosed in 
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U.S. Patent No. 4,823,614 to Dahlin, in which the 
flow tube cross -section is permanently deformed in 
several locations as shown in its FIGURES 2A-2D to 
enhance its bending in a "higher -mode" such as its 
FIGURE 3B. The higher modes of vibration as shown 
in the Dahlin patent FIGURES 3A-3E all show the flow 
conduit bending away from a straight line at its 
ends which will cause reaction torques and forces at 
the mounts. These reactions are not counter 
balanced and thus can create reaction forces as 
previously described. Dahlin states that this 
embodiment can be used in "average" sized pipes with 
average being defined as 1/2 to 3/4 inch inside 
diameter. Although the reason for this size 
restriction is not explained, it is probably a 
consequence of imbalance from using a bending-mode 
of vibration with no counter-balance apparatus. 

The unique advantages of the present invention 
accrue from the use of a single straight flow 
conduit in a radial -mode of vibration instead of a 
bending-mode as is currently used in the art . For 
clarity, the term "bending-mode" is defined as a 
vibration mode wherein the center-line or axis of 
the flow conduit translates and/or rotates away from 
its rest position in an oscillatory manner while the 
cross -sectional shape of the flow conduit remains 
essentially unchanged. By contrast, the term 
"radial -mode" is defined as a vibration mode wherein 
the center-line or axis of the flow conduit remains 
essentially unchanged while all or a part of the 
wall of the flow conduit translates and/or rotates 
away from its rest position in an oscillatory 
manner. Common examples of radial -modes of 
vibration are the natural vibration of a bell or 
wine glass. In these two examples the fundamental 
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radial -mode of vibration causes the normally round 
cross- sectional shape of the free end of the bell or 
wine glass to deflect into an oscillating elliptical 
shape. Since the center-line or axis of this 
radial-mode stays essentially unchanged, the stem 
(in the wine glass example) can be held without 
feeling or interfering with the vibration, 
exemplifying the absence of reaction forces at the 
mount. Applying this idea to the flow conduit of a 
Coriolis mass flow rate meter, a single straight 
flow conduit is employed, fixedly attached at both 
ends, and vibrated in a radial -mode of vibration 
where the wall of the flow conduit translates and/or 
rotates away from its rest position in an 
oscillatory manner, and the center-line of the flow 
conduit remains essentially unchanged. The 
combination of fluid motion and radial -mode 
vibration causes a Coriolis force distribution along 
the moving wall of the flow conduit which alters the 
cross -sectional shape of the conduit as a function 
of mass flow rate. This altered shape or its 
effects, are then measured as an accurate indication 
of mass flow rate. Since this radial mode of 
vibration causes substantially no net reaction 
forces where the conduits are mounted, a balanced 
resonant system Coriolis mass flow rate meter is 
thereby created with no flow splitters, curved flow 
conduits, or counter-balance devices. 

In addition, a unique non- intrusive method is 
employed to determine the pressure and the density 
of the fluid inside the flow conduit by 
simultaneously vibrating the flow conduit in two 
modes of vibration. The values of the frequencies 
of the two modes of vibration are functionally 
related to both the fluid density and the pressure 
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difference between the inside and the outside of the 
flow conduit. 

Due to the unique operation of the invention, 
and its ability to directly measure mass flow rate, 
fluid density, temperature and pressure, virtually 
any defined static or dynamic fluid parameter can be 
calculated such as fluid state, viscosity, quality, 
compressibility, energy flow rate, net flow rate, 
etc. 

As an alternate to using a radial -mode of 
vibration involving the entire wall of the flow 
conduit as previously described, a portion of the 
flow conduit perimeter can be vibrated as necessary 
to generate Coriolis forces. This method is well 
suited for use in flow conduits of very large size 
and non- circular shapes where vibration of the 
entire conduit is not practical. This method is 
also well suited to flow conduits formed into bulk 
materials thus having several rigid sides incapable 
of entire-perimeter radial mode vibration, such as a 
flow conduit etched into silicon or quartz to form a 
micro flow meter. 

The present invention solves the previously 
mentioned problems caused by flow splitters, curved 
flow conduits and imbalance and allows Coriolis mass 
flow meter technology to be used in areas such as 
sanitary applications, gas flow, air flow meters for 
weather stations, airplanes, low pressure air-duct 
systems, micro flow meters, liquid flow meters for 
residential, industrial, oceanographic and shipboard 
use, and many more. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the 
present invention, and the advantages thereof, 
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reference is now made to the following descriptions 
taken in conjunction with the accompanying drawings, 
in which: 

FIGURE 1 is a perspective view of one possible 
preferred exemplary embodiment of the present 
invention with a portion of the outer case cut away 
for viewing the apparatus inside; 

FIGURE 2 is a cross -sectional view of the 
embodiment of FIGURE 1 showing the radial -mode 
vibration shape of the flow conduit where it has 
reached its peak deflection in the vertical 
direction; 

FIGURE 3 is a cross-sectional view of the 
embodiment of FIGURE 1 showing the radial -mode 
vibration shape of the flow conduit where it has 
reached its undeflected center position. This is 
also representative of the flow conduits' rest 
position; 

FIGURE 4 is a cross -sectional view of the 
embodiment of FIGURE 1 showing the radial -mode 
vibration shape of the flow conduit where it has 
reached its peak deflection in the horizontal 
direction; 

FIGURE 5 is a cross-sectional view along 
section A-A in FIGURE 2 showing the elliptical 
cross -sectional shape of the flow conduit at its 
peak deflection in the vertical direction; 

FIGURE 6 is a cross -sectional view along 
section A-A of FIGURE 3 showing the circular cross- - 
sectional shape of the flow conduit as it passes 
through its undeflected center position; 

FIGURE 7 is a cross -sectional view along 
section A-A in FIGURE 4 showing the elliptical 
cross -sectional shape of the flow conduit at its 
peak deflection in the horizontal direction; 
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FIGURE 8 is a graph of the Coriolis force 
distribution that would be created along the top and 
bottom surfaces of the flow conduit from mass flow 
rate, as the flow conduit passes through its 
undeflected center position as in FIGURE 3; 

FIGURE 9 is a cross -sectional view similar to 
that of FIGURE 3 showing greatly exaggerated 
representative deflections of the flow conduit 
resulting from the Coriolis force distribution shown 
in FIGURE 8; 

FIGURE 9A is a cross -sectional view along 
section B-B of FIGURE 9 showing the deformation of 
the cross -sectional shape of the flow conduit 
(greatly exaggerated) due to Coriolis forces, as the 
flow conduit passes through its center (normally 
undef ormed) position; 

FIGURE 9B is a cross -sectional view along 
section A-A of FIGURE 9 showing essentially no 
deformation of the cross- sectional shape of the flow 
conduit due to Coriolis forces, as the flow conduit 
passes through its center position; 

FIGURE 9C is a cross- sectional view along 
section C-C of FIGURE 9 showing the deformation of 
the cross- sectional shape of the flow conduit 
(greatly exaggerated) due to Coriolis forces, as the 
flow conduit passes through its center (normally 
unde f ormed ) po s i t ion ; 

FIGURE 10 is a cross -sectional representation 
of the two-lobe radial -mode vibration of the flow 
conduit in the preferred exemplary embodiment of 
FIGURE 1 shown with three sequential deflected 
shapes (peak vertical, undeflected, peak horizontal) 
superimposed on each other; 

FIGURE 11 is a cross- sectional representation 
of an alternate radial -mode of vibration to that 
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shown in FIGURE 10 with three sequential deflected 
shapes superimposed on each other; 

FIGURE 12 is cross -sectional representation of 
an alternate radial -mode of vibration to that shown 
in FIGURE 10 with two sequential deflected shapes 
superimposed on each other; 

FIGURE 13 is cross-sectional representation of 
an alternate radial -mode of vibration to that shown 
in FIGURE 10 with two sequential deflected shapes 
superimposed on each other; 

FIGURE 14 is a representation of the time 
relationship of signals from the motion detectors of 
FIGURE 1 with no fluid flowing through the flow 
conduit; 

FIGURE 15 is a representation of the time 
relationship of signals from the motion detectors of 
FIGURE 1 with fluid flowing through the flow 
conduit; 

FIGURE 16 is a block diagram of one possible 
configuration of circuit components used to measure 
mass flow rate according to the present invention; 

FIGURE 17 is a perspective view of an alternate 
to the preferred exemplary embodiment of FIGURE 1 
using a vibrating flexible surface as part of a 
rectangular flow conduit perimeter to measure the 
mass flow rate in the conduit; 

FIGURE 18 is a cross -sectional view through the 
embodiment of FIGURE 17 showing three sequential 
deflected shapes of the vibrating flexible surface 
with no fluid flow; 

FIGURE 19 is a cross -sectional view through the 
embodiment of FIGURE 17 showing the deflected shape 
of the vibrating flexible surface due to Coriolis 
forces with fluid flowing through the flow conduit; 

FIGURE 20 is a graph of the frequency response 
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curve and is representative of the absolute value of 
equation No. 1; 

FIGURE 21 is a representation of the Coriolis 
force distribution along the top and bottom surfaces 
of the flow conduit resulting from driving the flow 
conduit in a mode shape similar to that shown in 
FIGURE 9; 

FIGURE 22 is an alternate exemplary embodiment 
of the present invention employing a flow conduit 
that has several rigid sides and a flexible surface 
that is vibrated; 

FIGURE 23A is a representation of the signals 
from the motion detectors of FIGURE 1, and their sum 
with one of the signals inverted and with no flow 
through the flow conduit; 

FIGURE 23B is a representation of the signals 
from the motion detectors of FIGURE 1, and their sum 
with one of the signals inverted and with flow 
through the flow conduit ,- 

FIGURE 24 is a cross -sectional view of an 
exemplary stress decoupling joint used to eliminate 
axial stress from the flow conduit; 

FIGURE 25 is an alternate exemplary embodiment 
of the present invention employing a plurality of 
motion detectors, vibration isolation means, and 
axial stress reduction means; 

FIGURE 26 is a block diagram of one possible 
configuration of circuit components used to measure 
the mass flow rate of fluid and other parameters 
according to the present invention; 

FIGURE 27 is a representation of various wave 
forms that can be attained at various points in the 
circuit of FIGURE 26; 

FIGURE 28 is a cross sectional view through the 
motion drivers of the embodiment of FIGURE 25; 
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FIGURE 29 is an alternate arrangement of motion 
drivers to that shown in FIGURE 28, using three 
motion drivers instead of two; 

FIGURE 30 is an alternate arrangement of motion 
drivers to that shown in FIGURE 28, using four 
motion drivers instead of two; 

FIGURE 31 is a representation of the primary 
radial vibration motion induced by the motion 
drivers on the embodiment of FIGURE 25, at a point 
in time when the flow conduit is elliptically 
elongated in the vertical direction,- 

FIGURE 32 is a representation of the primary 
radial vibration motion induced by the motion 
drivers on the embodiment of FIGURE 25, at a point 
in time when the flow conduit is elliptically 
elongated in the horizontal direction; 

FIGURE 33 is a representation of the secondary 
bending vibration motion induced by the motion 
drivers on the embodiment of FIGURE 25, at a point 
in time when the flow conduit is vertically 
deflected above its center position; 

FIGURE 34 is a representation of the primary 
radial vibration motion that could be induced by the 
three motion driver arrangement of FIGURE 29, at a 
point in time when the motion drivers have reached 
their maximum radial excursion; 

FIGURE 35 is a representation of the primary 
radial vibration motion that could be induced by the 
three motion driver arrangement of FIGURE 29, at a 
point in time when the motion drivers have reached 
their minimum radial excursion; 

FIGURE 36 is a representation of the secondary 
bending vibration motion that could be induced by 
the three motion driver arrangement of FIGURE 29 at 
a point in time when the flow conduit is vertically 
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deflected above its center position ; 

FIGURE 37 is a representation of the primary 
radial vibration motion that could be induced by the 
four motion driver arrangement of FIGURE 30, at a 
point in time when the motion drivers have reached 
their maximum radial excursion; 

FIGURE 38 is a representation of the primary 
radial vibration motion that could be induced by the 
four motion driver arrangement of FIGURE 30, at a 
point in time when the motion drivers have reached 
their minimum radial excursion; 

FIGURE 39 is a representation of the secondary 
bending vibration motion that could be induced by 
the four motion driver arrangement of FIGURE 30, at 
a point in time when the flow conduit is vertically 
deflected above its center position; 

FIGURE 40 is a representation of an alternate 
exemplary embodiment to that of FIGURE 25 using a 
slip joint and seal arrangement instead of a 
flexible joint arrangement; 

FIGURE 41 is a exemplary representation of the 
embodiment of FIGURE 25 showing the flow conduit 
deflected in its secondary bending mode of 
vibration. The coils have been removed and the 
magnitude of the deflection greatly exaggerated for 
clarity; 

FIGURE 42 is a representation of a parallel 
path Coriolis mass flow meter tube arrangement, 
viewed in the X-Y plane; 

FIGURE 43 is a cross sectional representation 
of the parallel path Coriolis mass flow meter tube 
arrangement shown in FIGURE 42, viewed in the X-Z 
plane; 

FIGURE 44 is a close up view of the motion 
driver arrangement shown in FIGURE 43 showing radial 
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vibratory motion being imparted to both tubes, taken 
at a point in time when the tubes are elliptically 
elongated in the vertical direction; 

FIGURE 45 is a close up view of the motion 
driver arrangement shown in FIGURE 43 showing radial 
vibratory motion being imparted to both tubes, taken 
at a point in time when the tubes are elliptically 
elongated in the horizontal direction; 

FIGURE 46 is an exemplary representation of one 
possible Coriolis force distribution that could be 
developed in the X-Y plane on the embodiment of 
FIGURE 25 , taken at a point in time when the radial 
motion of the flow conduit is passing through its 
normally circular central position after having been 
elliptically elongated in the Y-direction; 

FIGURE 47 is an exemplary representation of one 
possible Coriolis force distribution that could be 
developed in the X-Z plane on the embodiment of 
FIGURE 25, taken at a point in time when the radial 
motion of the flow conduit is passing through its 
normally circular central position after having been 
elliptically elongated in the Y-direction; 

FIGURE 48 is an exemplary representation of the 
general shape of flow conduit deflection in the X-Y 
plane due to the Coriolis force distribution shown 
in FIGURE 46, where the magnitude of the deflection 
is greatly exaggerated for clarity; 

FIGURE 49 is an exemplary representation of the 
general shape of flow conduit deflection in the X-Z 
plane due to the Coriolis force distribution shown 
in FIGURE 47, where the magnitude of the deflection 
is greatly exaggerated for clarity; 

FIGURE 50 is a graph of one possible functional 
relationship between flow conduit vibration 
frequency and process fluid pressure, for both the 
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primary and secondary vibration modes, for the 
embodiment of FIGURE 25; 

FIGURE 51 is a graph of one possible functional 
relationship between flow conduit vibration 
frequency and process fluid density, for both the 
primary and secondary vibration modes, for the 
embodiment of FIGURE 25; 

FIGURE 52 is a graph of one possible functional 
relationship between flow conduit vibration 
frequency and process fluid temperature , for both 
the primary and secondary vibration modes, for the 
embodiment of FIGURE 25; 

FIGURE 53 is a cross sectional view of an 
exemplary embodiment of the present invention which 
can be employed as an insertion type flow meter for 
use in a duct or flow conduit, or in a free stream; 

FIGURE 54 is a view of the embodiment of FIGURE 
53 showing some exemplary vibratory shapes of its 
associated flexible surface; and 

FIGURE 55 is a view of the embodiment of FIGURE 
53 showing some exemplary deflected shapes of its 
associated flexible surface, due to Coriolis forces. 

DETAILED DESCRIPTION OF THE INVENTION 

FIGURE 1 shows a perspective view of one 
preferred exemplary embodiment of the present 
invention. This embodiment comprises a single 
straight flow conduit 1 preferably made of a strong 
flexible non-corrosive material such as titanium. 
Alternate materials with properties that enhance 
performance characteristics such as flexibility, 
corrosion resistance, fatigue strength, constant 
elastic modulus, low expansion rate, and others can 
also be used. These alternate materials include 300 
series stainless steels, Inconel, Nispan-C and Monel 
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by International Nickel Company, alloys of Hasteloy 
by the Cabot Corporation, aluminum, beryllium- - 
copper, latex rubber, fiberglass, acrylic, quartz 
and others. In addition, the inner surface of 
conduit 1 can be subsequently lined or plated with a 
non-corrosive material such as nickel, gold, 
zirconium, f luoropolymers such as Teflon by Dupont, 
and others. 

Flow conduit 1 is fixedly attached at its ends 
to manifolds 2 and 3, preferably by a welding or 
brazing process. It is anticipated that manifolds 2 
and 3 can be designed in a variety of configurations 
such as standard pipe flanges, threaded pipe 
fittings, sanitary fittings, quick-connect fittings, 
extended tubes, hydrodynamically or aerodynamical ly 
shaped openings, and others. It is further 
anticipated that manifolds will normally be used for 
convenience of mounting the device or its parts, 
however manifolds are not necessary for the 
operation of the device. Accordingly, a portion of 
an existing pipeline could be instrumented and 
vibrated in a radial -mode vibration to create the 
requisite Coriolis forces without the aid of 
manifolds, however, since existing pipelines can 
have inappropriate geometric and material properties 
for this service, it is not the preferred method. 

Mounted in association with flow conduit 1 is 
temperature sensor 29 which is preferably a platinum 
resistance thermal device (RTD) , however many other 
types of temperature sensors could be used such as 
thermocouples, semiconductor sensors, optical and 
others. If a flow conduit material is used with an 
elastic modulus that changes as a function of 
temperature, the sensitivity of the device to mass 
flow rate can also change related to temperature. 
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This effect can be negated by compensating the final 
flow rate output signal (19 of FIGURE 16) 
functionally related to the temperature of flow 
conduit 1 . 

Concentrically arranged around flow conduit 1 
is case 4, preferably made of a strong low- corrosion 
material such as 300 series stainless steel pipe. 
Some of the possible design considerations of case 4 
are to protect conduit 1 and its components from 
ambient conditions, to contain process fluid in case 
of a leak, to minimize the effect of stresses on 
conduit 1 caused by mounting conditions, to contain 
a prescribed amount of pressure to extend the 
pressure range or alter the sensitivity of flow 
conduit 1 to mass flow rate, to convey purging gas 
to the components inside, to contain a vacuum around 
conduit 1, for mounting the motion drivers and 
sensors, and others. A wide variety of possible 
case materials and configurations are thus 
anticipated depending on desired performance 
characteristics. Some alternate materials for case 
4 include alloy, or carbon steel, aluminum, brass, 
quartz, glass, plastic and others. Case 4 is 
fixedly attached at its ends to manifolds 2 and 3 
preferably by a welding or brazing process thus 
forming a simple protective vessel surrounding the 
flow conduit. It is anticipated that a case will 
normally be used, however, it is not necessary for 
the operation of the device. 

A temperature difference between conduit 1 and 
case 4 can cause a thermally induced expansion 
difference which can create axial stress in conduit 
1. This axial stress can alter the sensitivity of 
conduit 1 to mass flow rate. 

This effect as well as mounting induced axial 
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stress effects can be negated by mounting at least 
one end of conduit 1 to a slip- joint or flexible 
joint incapable of bearing axial stress such as 
shown in FIGURE 24 where conduit 1 is slipped 
through an O-ring seal 26 in manifold 2 and 
therefore pipe-line stress is transmitted around 
conduit 1 through manifold 2 and case 4. In this 
arrangement, a stiff ener 27 would preferably be used 
to isolate the radial vibration of conduit 1 along a 
selected portion of conduit 1 and away from the 
slip- joint area. Stiff ener 27 could also be used 
for this vibration isolation purpose without being 
associated with a slip- joint or flexible joint, to 
effectively isolate the radial vibration along a 
selected portion of the flow conduit. 

FIGURE 25 depicts an alternate embodiment of 
the present invention using flexible joints 105 and 
106 to reduce axial stress effects, and stiff ener 
rings 107 and 108 to isolate the desired radial 
vibration to a selected portion of flow conduit 101. 

FIGURE 40 depicts an alternate embodiment of 
the present invention using a slip joint arrangement 
where flow conduit 101 passes through seals 162 and 
163 to eliminate axial stress effects. 

This thermally induced axial stress effect can 
also be minimized by using a material for both case 
4 and conduit 1 with a low coefficient of thermal 
expansion such as quartz or Invar 32-5 by Carpenter 
Technology Corporation. Since using low-expansion 
materials for both case 4 and conduit 1 is not 
always practical, the method employed in the 
preferred exemplary embodiment of FIGURE 1 is to 
determine the temperature difference between case 4 
and conduit 1, then compensate the final output 
signal 19 of FIGURE 16, functionally related to this 
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temperature difference. Accordingly, mounted in 
association with case 4 is temperature sensor 41 
which is preferably a platinum resistance thermal 
device (RTD) , however many other types of 
temperature sensors could be used. Temperature 
sensor 41 is used in conjunction with temperature 
sensor 29 to determine the temperature difference 
between case 4 and conduit 1. 

A pressure difference between the inside and 
the outside of flow conduit 1 can cause stress which 
can alter the stiffness and thus the sensitivity of 
the flow conduit to mass flow rate. For low 
pressure applications this effect can usually be 
neglected. For higher pressure applications, the 
effect can be negated by applying a prescribed 
pressure to the area between case 4 and conduit 1 
using a fluid such as argon, nitrogen, air, helium, 
or the process fluid itself, to eliminate or 
maintain a prescribed amount of stress in conduit 1. 
In the preferred exemplary embodiment of FIGURE 1 a 
unique method is employed to non- intrusively measure 
and compensate for this pressure effect using the 
vibration of flow conduit 1. One observable effect 
from increasing the pressure difference between the 
inside and the outside of flow conduit 1 is to 
increase the frequencies of most of its natural 
modes of vibration. The amount of frequency 
increase varies for each mode of vibration and, in 
general, becomes less for higher frequency modes. 

Increasing fluid density adds mass to the 
vibrating structure which necessarily tends to 
decrease the natural frequencies of vibration. 
Since compressible fluids exhibit an increase in 
pressure accompanied by an increase in fluid 
density, the net result can be either an increase or 
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a decrease in the frequencies. 

The variation in frequency due to pressure and 
density changes, normally varies for different modes 
of vibration. Therefore, by finding the value of 
two prescribed modes of vibration, the density and 
the pressure difference can thus be determined. 
Accordingly, conduit 1 is forced to vibrate in two 
radial modes of vibration to both measure mass flow 
rate and to determine pressure difference and 
density as shall further be explained. 

Positioned approximately half way between 
manifolds 2 and 3 and fixedly attached to conduit 1, 
are driver magnets 5 and 6 which are arranged 
diametrically opposite to each other. Magnets 5 and 
6 are preferably made of alloys of samarium- cobalt 
or alnico and can be used with or without a keeper. 
Associated with magnets 5 and 6 are driver coils .7 
and 8 respectively which are fixedly attached to 
case 4 and are used in conjunction with magnets 5 
and 6 to drive conduit 1 into two prescribed 
radial -modes of vibration, one radial mode for 
measuring mass flow rate, and a second reference 
mode for determination of density and pressure. The 
second reference mode need not be a radial mode, 
however, it should change frequency due to pressure 
or density variations at a different rate than the 
primary radial mode. Graphical representations of 
frequency verses pressure and density variations 
which meet this requirement are shown in FIGURES 50 
and 51. 

Only one magnet -coil driving source is 
necessary, however, using two magnet- coil pairs in 
this manner improves symmetry and balance. Other 
drive means could be employed to force the requisite 
radial -mode vibrations such as electroded surfaces 
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on conduit 1 interacting with similar electrodes on 
the inner surface of case 4, or piezoelectric bender 
elements, mechanical actuators, and others. In 
addition, if a ferromagnetic material is used for 
conduit 1, electromagnetic drivers can be used to 
force the requisite vibration without the addition 
of any device fixed to the conduit. 

Located part way between driver magnet 5 and 
manifolds 2 and 3 are pickof f magnets 9 and 10 
respectively which are preferably made of alloys of 
samarium- cobalt or alnico and are fixedly attached 
to conduit 1. Arranged in association with pickof f 
magnets 9 and 10 are pickoff coils 11 and 12 
respectively which are fixedly attached to case 4. 
Magnet 9 and coil 11 collectively form motion 
detector 13 which senses the motion of conduit 1 at 
its location. Magnet 10 and coil 12 collectively 
form motion detector 14 which senses the motion of 
conduit 1 at its location. The preferred exemplary 
embodiment employs magnets and coils as motion 
detectors however many other types of motion 
detectors have been successfully tested or 
anticipated such as strain gages, accelerometers, 
optical transducers, capacitive transducers, 
piezoelectric and inductive sensors, and others. 
Other locations for motion detectors can also be 
successfully utilized with the requirement that if 
two motion detectors are used, they are separated 
from each other by some distance along the length of 
conduit 1. Symmetrical pairs of pickoff magnets 
could alternately be used to improve symmetry and 
balance as was previously explained for drive 
magnets 5 and 6. Alternate embodiments using 
symmetrical pairs of pickoff magnets are shown in 
FIGURES 25 and 40. 
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The operation of the preferred exemplary 
embodiment shall now be described. Driver coils 7 
and 8 are electrically excited to produce two 
simultaneous radial-mode vibrations. The primary 
mode is the two-lobe mode as shown in FIGURES 2 
through 7 and in FIGURE 10, which "depict the 
sequence of conduit motion from elliptically 
elongated in the vertical direction (FIGURES 2 and 

5) through a round undeflected shape (FIGURES 3 and 

6) to being elliptically elongated in the horizontal 
direction (FIGURES 4 and 7) . FIGURE 10 shows the 
same sequence of three cross sectional shapes of 
conduit 1 superimposed on each other. The amplitude 
of elliptical deformation progresses from zero 
deformation at the fixed ends of conduit 1 to a 
maximum deformation near the center at drive magnets 
5 and 6. This change in amplitude of the radial 
vibration along the length of flow conduit 1 is 
necessary to cause the requisite Coriolis forces for 
mass flow measurement. The secondary vibration mode 
is preferably the four-lobe mode as shown in FIGURE 
13, however other radial and bending modes have 
successfully been tested or anticipated. The 
primary mode is used to cause the requisite Coriolis 
forces and as such is maintained at a sufficiently 
high amplitude limited by material, fatigue and 
stress factors. The secondary mode is used as a 
reference frequency to determine the density and the 
pressure difference across the wall of flow conduit 

1 and is therefore maintained at a minimum 
detectable level so as not to interfere with or 
significantly contribute to the motion detector 
signals 15 and 16. These vibrations are maintained 
by using signal 16 from motion detector 14 in a 
feed-back loop to circuit component 17 as shown in 
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FIGURE 16 which in turn applies a reinforcing signal 
to driver coils 7 and 8 with energy at the 
appropriate frequencies and phases to maintain the 
prescribed vibrations . As an alternate to 
maintaining the secondary vibration mode 
continuously for pressure difference det ermination, 
it can be turned on and off as necessary in a 
sampling technique. 

Once the desired motion is established, motion 
detectors 13 and 14 will produce essentially 
sinusoidal signals 15 and 16 at the frequency of the 
primary vibration, and substantially equal in phase 
when no fluid is flowing in conduit 1 as shown in 
FIGURE 14. When process-fluid flows through conduit 
1, the direction of the fluid velocity changes to 
track the shape of the conduit during its radial 
mode vibration. Referring to FIGURE 2, the 
direction of fluid 28 entering from the left side is 
essentially parallel with the axis of conduit 1 as 
it passes through manifold 2. Between manifold 2 
and driver magnet 5, fluid 28 (along the upper and 
lower surfaces of flow conduit 1) diverges away from 
the conduit center- line to track the shape of 
conduit 1. As the fluid 28 passes under drive 
magnet 5 its direction is again parallel with the 
axis of conduit 1. Between drive magnet 5 and 
manifold 3, fluid 28 converges toward the conduit 
center-line. Upon reaching manifold 3 fluid 28 is 
again moving parallel with the axis of conduit 1. 
As the elliptical deformation of conduit 1 passes 
through its circular (undeflected) shape as in 
FIGURE 3, all the fluid 28 is shown parallel to the 
center-line of conduit 1. FIG 4 shows conduit 1 at 
its peak deflection in the horizontal direction. In 
this figure, fluid 28 along the top and bottom 
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surfaces entering from the left, first converges 
toward the center-line of conduit 1, then becomes 
parallel to the axis of the conduit as it passes 
below drive magnet 5, then diverges away from 
center- line toward the right side of conduit 1, and 
finally exiting in a parallel direction. FIGURES 2 
and 4 clearly show the change in direction of the 
fluid 28 along the top and bottom surfaces of flow 
conduit 1 however, since these figures show the 
conduits peak deflections, the conduit motion is 
essentially stopped at these positions thus causing 
no Coriolis forces. It is when conduit 1 passes 
through its center position of FIGURE 3 that its 
shape is changing most rapidly and thus can cause 
the greatest Coriolis forces. Coriolis forces will 
thus be produced proportionally related to the mass 
of the moving fluid, its velocity, and the rate of 
change of its direction. Since the rate of change in 
the fluid direction along the top surface of conduit 
1 is opposite to that along the bottom surface, a 
Coriolis force distribution along the upper and 
lower surfaces of conduit 1 is thereby created 
similar to that shown in FIGURE 8. The fluid 
motions and Coriolis force distributions just 
described pertained to the upper and lower surfaces 
of conduit 1, however, during the forced radial- - 
vibration the sides of conduit 1 move in the 
opposite sense to the upper and lower surfaces. 
Accordingly, another similar Coriolis force 
distribution will also be caused along the sides (90 
from the top and bottom surfaces) of conduit 1 with 
the direction of forces reversed (not shown) . All 
these Coriolis force distributions reach a maximum 
value and thus will most greatly alter the shape of 
conduit 1 as it passes through its normally circular 
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position (FIGURE 3) . One measurable effect of these 
forces is to deform conduit 1 into a shape similar 
to that shown in FIGURES 9 through 9C where the 
amount of deformation shown is greatly exaggerated 
for clarity. This deformation thereby causes a 
difference between signals 15 and 16 which can then 
be measured in a variety of ways as an accurate 
indication of mass flow rate. One measurable effect 
of this deformation is to delay the phase or time 
relationship of the radial -mode vibration toward the 
fluid entry end of conduit 1, and advance the phase 
or time relationship of the radial -mode vibration 
toward the fluid exit end of conduit 1. In the 
preferred exemplary embodiment therefore, this phase 
or time relationship is used to measure mass flow. 
This effect will cause signal 16 to precede signal 

15 in time by an amount that is a function of mass 
flow rate, as shown in FIGURE 15. Signals 15 and 16 
are then applied to circuit component 18 of FIGURE 

16 which compares the phase or time difference 
between signals 15 and 16, and according to a 
prescribed function, creates an output signal 19 
proportionally related to mass flow rate. 

Another way to utilize motion detector signals 
15 and 16 to measure mass flow rate is to invert one 
of the signals (180 phase shift) then add them both 
together, as shown in FIGURE 23A. If there is no 
fluid flow through conduit 1 and the amplitudes of 
signals 15 and 16 are the same, the resulting sum 31 
will be zero or a DC value. With fluid flow in 
conduit 1, the phase relationship between signals 15 
and 16 will change as shown in FIGURE 23B causing 
their sum 31 to be a resultant sine- wave whose 
amplitude is related to mass flow rate, and whose 
phase is related to fluid flow direction through 
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conduit 1. 

Another method to determine mass flow rate is 
to maintain the driven amplitude to be a constant 
value and measure the amplitude of either motion 
detector signal (15 or 16) . The amplitude of the 
motion sensed at the fluid entry end of conduit 1 
(signal 15) will be slightly reduced while the 
amplitude at the fluid exit end of conduit 1 (signal 
16 will be slightly greater, as a function of mass 
flow rate. Using this method only a single motion 
detector is required for operation, however using 
both signals 15 and 16 doubles the available 
measurement and would thus be preferable. Many 
other methods that utilize a change in one or both 
of the motion detector signals to determine mass 
flow rate have been successfully tested or 
anticipated. 

Circuit component 30 of FIGURE 16 accepts input* 
from motion detector signal 16 and determines the 
ratio of the primary frequency to the secondary 
frequency of conduit 1. This can be done using 
filter circuits to isolate the individual 
frequencies and then employing timing circuits to 
measure their periods, digital techniques involving 
Past Fourier Transforms (FFT) , specific arrangements 
of pickoffs which isolate the individual vibrations, 
and others. Component 30 then provides a signal 
proportional to this frequency ratio to circuit 
component 18. Component 18 also accepts input from 
temperature sensors 29 and 41 and compensates the 
final output signal 19 as necessary to correct for 
the effects of temperature, thermally induced axial 
stress, and pressure difference. The final output 
signal 19 can then be used as an accurate indication 
of mass flow rate by other equipment for purposes 
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such as monitoring flow rate, controlling valves, 
proportional mixing, batching, and others. 

The initial non-flow phase relationship (zero 
phase difference in this example) of signals 15 and 
16 in FIGURE 14 is a consequence of the angular 
position of motion detectors 13 and 14 around the 
circumference of conduit 1. For example, if motion 
detector 14 was rotated 90 around the circumference 
of conduit 1 (not shown) , then the non-flow phase 
relationship between signals 15 and 16 would be 180 
(inverse phase) from each other. This fact can used 
to set a desired initial phase relationship between 
signals 15 and 16. 

In the preferred exemplary embodiment of FIGURE 
1 a "natural" radial -mode of vibration was chosen 
for both the primary and the secondary frequencies 
since the power necessary to maintain a natural mode 
of vibration is normally less than that required to 
maintain a forced vibration that is not a natural 
mode. It is however not necessary to use a natural 
mode of vibration and in some circumstances it may 
be advantageous to force a flow conduit into a 
desired radial vibration at a non-natural frequency. 
For example, if a conduit material such as 
reinforced rubber or neoprene was used, the high 
damping coefficient of such materials would make a 
natural mode of vibration difficult to maintain, 
therefore a flow conduit of this nature could be 
forced to radially vibrate at a selected frequency. 

Alternate modes of vibration for either the 
primary or the secondary modes can be employed to 
enhance various performance characteristics. 
Alternate modes include the rotating elliptical mode 
of FIGURE 11 where the elliptical cross -sectional 
shape is forced to precess around the conduit 
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center-line never returning to a circular shape. In 
addition, a three lobed radial -mode as shown in 
FIGURE 12 or a four lobed mode as shown in FIGURE 13 
could also be used as well as precessing versions of 
the three and four lobed modes (not shown) and 
others , 

In addition to radial -modes of vibration having 
increasing numbers of lobes around the perimeter of 
the flow conduit as just described, radial -modes 
which involve successive reversals of cross- - 
sectional shape along the length of the flow conduit 
can also be used. FIGURES 9 through 9C show the 
deformed shape of flow conduit 1 due to mass flow 
rate, as previously explained. This deformed shape 
(response mode) is also representative of another 
natural mode of vibration of conduit 1 where the 
vertically elongated elliptical deformation at the 
fluid entry end (FIGURE 9A) is reversed into the 
horizontally elongated deformation at the fluid exit 
end (FIGURE 9C) . Since this shape represents a 
natural mode of vibration, this fact can be used to 
enhance the frequency response of the structure and 
achieve greater sensitivity to mass flow rate. The 
amount of sensitivity gain that can be achieved in 
this way depends on the ratio of the driven 
frequency to that of the response mode frequency 
according to the following equation, the absolute 
value of which is plotted in FIGURE 20. 

GAIN = 1 (1) 

1-(D/R) 2 

Where : 

D = Driven frequency 

R = Response mode frequency 
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According to equation 1, the gain will approach 
infinity as the driven frequency approaches the 
response mode frequency. Operating on either side 
of the peak of FIGURE 20 is acceptable. Operating 
on the right side of this peak means that the driven 
frequency is greater than the response mode 
frequency which can occur in the following way. If 
flow conduit 1 of FIGURE 1 is forced to vibrate in 
the shape depicted in FIGURE 9 as the primary driven 
mode, the induced Coriolis force distribution along 
the top and bottom surfaces of the conduit will be 
as shown in FIG 21. Although this force 
distribution reverses its direction several times 
along the length of the conduit, since the ends of 
the conduit are fixedly attached and so are 
relatively inflexible, the center portion of the 
Coriolis force distribution will be the dominant 
factor with the overall effect that conduit 1 will 
deform into a shape similar to the earlier described 
primary driven mode as shown in FIGURES 2 through 7, 
proportionally related to mass flow rate. Since, 
for the preferred exemplary embodiment, the 
frequency of the mode shown in FIGURE 9 (with one 
reversal in deflection direction along its length) 
is higher than the mode shown in FIGURES 2 through 7 
(with no reversal), the ratio of the driven 
frequency to the response frequency is greater than 
one and thus constitutes working on the right side 
of the peak of FIGURE 20. Another consequence of 
operating on the right side of the peak in FIGURE 20 
is that the phase shift of signals 15 and 16 is 
reversed so that signal 15 would precede signal 16 
as a function of mass flow rate (not shown) . 

It is therefore anticipated that any radial 
mode of vibration, either natural or forced, can be 
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used as the primary drive mode to create Coriolis 
forces which will deform the shape of flow conduit 
1, proportionally related to mass flow rate. 
Similarly, any mode of vibration can be used as the 
secondary reference vibration to determine the 
density and pressure difference across the wall of 
the flow conduit, with the requirement that the 
secondary reference frequency must change as a 
function of fluid pressure and density by a 
different amount than the primary driven frequency. 

A unique consequence of the overall shape and 
operation of the preferred exemplary embodiment of 
FIGURE 1 is that manifolds 2 and 3 can be designed 
as aerodynamical ly or hydrodynamically shaped 
fittings, and the device can be mounted open ended 
in a moving fluid stream such as on the wing of an 
airplane or the hull of a ship. In this 
arrangement, fluid flow through the meter can be 
related to its velocity relative to the surrounding 
fluid thereby creating a velocity meter. 

As an alternate to using a radial -mode of 
vibration involving the entire perimeter of the flow 
conduit, certain applications, especially low 
pressure, large thin-walled or non- circular flow 
conduits, or micro- flow meters etched or machined 
into bulk materials such as semiconductors or 
quartz, can be accommodated by vibrating only a 
portion of the flow conduit perimeter in a radial 
manner. The rectangular flow conduit of FIGURE 17 
is well suited for low pressure applications such as 
air flow in duct systems, however, flow conduits 
that are large in comparison with their wall 
thickness, and conduits with flat sides can be 
impractical to vibrate in radial -modes involving the 
entire perimeter. Similarly, flow conduits that are 
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formed into bulk materials such as silicon or 
quartz, will have flow conduit sides which are 
essentially rigid therefore not able to be vibrated 
in a radial -mode of vibration involving the entire 
conduit perimeter. The design of a Coriolis mass 
flow rate meter according to the present invention 
for these applications can therefore be accommodated 
by radially vibrating only a portion of the flow 
conduit perimeter to create the requisite Coriolis 
force distribution necessary to measure flow rate. 
In the embodiment of FIGURE 17, flow conduit 20 is 
an example of an ordinary sheet metal rectangular 
air duct into which is installed flexible surface 21 
preferably made of a strong flexible material such 
as carbon steel sheet metal. Alternately, surface 
21 could be a portion of flow conduit 20 which is 
vibrationally isolated by stiffeners (not shown) 
analogous in function to stiff ener 27 of FIGURE 24. 
Surface 21 is flexibly attached to conduit 20 at its 
fluid entry and exit ends, and essentially free 
along it's sides to accommodate radial vibration, 
except that the sides can be sealed from leakage 
with a flexible membrane (not shown) . The sides of 
surface 21 could alternately be flexibly attached to 
conduit 20 however having the sides free enhances 
flexibility and thus sensitivity to mass flow rate. 
Surface 21 is forced to radially vibrate by 
electromagnetic motion driver 24 which is fixedly 
attached to mounting bar 25 as shown in FIGURE 17. 
The radial vibration of surface 21 is shown in 
FIGURE 18 at its upper 21A, middle 21B and lower 21C 
positions of its vibration. 

The combination of the radial vibration of 
surface 21 and fluid flow 28 will cause a Coriolis 
force distribution along the inner face of surface 
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21 similar to the top surface Coriolis force 
distribution shown in FIGURE 8. This will cause 
surface 21 to deform slightly into a sine-wave like 
shape 21D as shown in FIGURE 19 , as it passes 
downward through it's normally flat center position, 
then deforming into an inverted sine-wave like shape 
21E as shown in FIGURE 19, as it passes upward 
through it's normally flat center position, thereby 
causing a difference in the signals produced by 
motion detectors 22 and 23. One measurable effect 
of this deformation is that the motion of surface 21 
becomes delayed in time at the fluid entry end of 
conduit 20, and advanced in time at the fluid exit 
end of conduit 20 as a function of mass flow rate 
through conduit 20. Motion detectors 22 and 23 are 
fixedly attached to mounting bar 25 at positions 
separated from each other by some distance along the 
length of surface 21. Signals from motion detectors 

22 and 23 (not shown) will therefore be shifted in 
time from each other by an amount related to the 
mass flow rate of process-fluid in conduit 20 
analogous to signals 15 and 16 in FIGURE 15. It is 
anticipated that the flexibility of surface 21 and 
thus the sensitivity of the device to mass flow 
rate, can be enhanced by proper configuration and 
material choice of flexible surface 21, or by 
mounting surface 21 on flexural supports such as 
diaphragms, bellows, hinges, fabric and the like. 
Some possible materials that can be used for surface 
21 are sheet metal, fiberglass, plastic, rubber, 
latex, glass, and others. 

As an alternate to using a single vibrating 
surface along the perimeter of flow conduit 20, . 
multiple surfaces can be employed and vibrated in 
conjunction with each other to more fully involve 
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the perimeter of the flow conduit. 

One unique consequence of the current invention 
is that the device can be inserted within a larger 
duct or in a free stream, and used to sample the 
flow rate of any size fluid stream. This type of 
arrangement is characteristic of an insertion type 
flow meter and thus allows the superior performance 
afforded by the current invention to be used as an 
insertion device in any size conduit or in an open 
stream. 

Using the current invention as an insertion 
device as just described, can eliminate the need for 
a flow conduit. Accordingly, the sides and bottom 
of flow conduit 20 of FIGURE 17 could be eliminated 
and the remaining portion positioned inside a duct 
or in a free stream to measure fluid flow past 
flexible surface 21. When thus used inside a duct 
as an insertion type flow meter, the resulting 
output flow signal can be calibrated proportional to 
the total mass flow rate being conveyed by the duct. 
If thus used in an open stream without the confining 
cross sectional area of a duct or flow conduit, the 
resulting output flow signal could be calibrated 
proportional to the fluid velocity. 

FIGURE 53 shows an exemplary embodiment of the 
current invention which can be used as an insertion 
type flow meter inside a larger duct or flow 
conduit, or in a free stream. The operation of the 
embodiment of FIGURE 53 is as follows. 

Case 173 is a rigid housing which encloses 
motion detectors 177 and 178 within its internal 
cavity 180. Case 173 would preferably be made of 
strong, non-corrosive material such as stainless 
steel, and is aerodynamical ly or hydrodynamically 
designed so as not to create excessive drag forces 



WO 95/16897 



PCT/US94/14569 



35 

or interfere with flowing fluid 179. Case 173 can 
be positioned at a specified location within a duct 
or in a free stream using bracket 175. Mounted in 
association with case 173 is flexible surface 174 
which is preferable made of a flexible non-corrosive 
material such as stainless steel, titanium, quartz 
or the like. 

Flexible surface 174 is caused to vibrate in an 
oscillatory manor by pulsating pressure 176, which 
is conveyed to cavity 180 via bracket 175. Flexible 
surface 174 can alternately be made to vibrate using 
electromagnetic drivers, electroded surfaces, 
actuators, and the like as was previously explained 
for other embodiments. 

Pulsating pressure 176 will thus cause flexible 
surface 174 to deflect similar to a diaphragm as 
shown in FIGURE 54 where the cross sectional shape 
of the vibration of flexible surface 174 will 
oscillate from its maximum outward deflection 181 to 
its maximum inward deflection 182 . 

Fluid flow 179 interacting with flexible 
surface 174, will cause a Coriolis force 
distribution resulting in the deflection of flexible 
surface 174 into a shape 183 similar to that shown 
in FIGURE 55, as it passes through its normally 
undeflected central position from its maximum 
outward deflection 181. As it again passes through 
its normally undeflected central position from its 
maximum inward deflection 182, flexible surface 174 
will deflect into a shape 184 similar to that shown 
in FIGURE 55. 

These Coriolis induced deflections will then 
cause changes in the resulting signals from motion 
detectors 177 and 178 which are a function of the 
flow rate 179. These signal changes are analogous 
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to those described for the embodiments of FIGURES 1 
and 17 , and can thus be processed in a similar 
manner. 

As an alternate to the insertion type 
arrangement just described, it is anticipated that 
this embodiment can be incorporated into other 
entities, for example case 173 could alternately be 
the wing of an airplane, the body of a car, or the 
hull of a ship, with flexible surface 174 then being 
incorporated as a portion of the surface thereof, 
thus creating a meter which measures the velocity 
of the vehicle relative to its surrounding fluid. 

FIGURE 22 depicts an alternate embodiment of 
the present invention in which flow conduit 32 is 
etched or machined into semiconductor material 33, 
and covered with a flexible surface 34 on which is 
deposited electrodes 35, 36, and 37 positioned over 
flow conduit 32. Electrodes 38, 39, and 40 are 
positioned on a rigid surface (not shown) above and 
to interact with electrodes 35, 36, and 37 
respectively. Electrode pair 36 and 39 are then 
electrically excited to force flexible surface 34 to 
vibrate similar to that shown in FIGURE 18 . 
Electrode pairs 35 and 38, and 37 and 40 are then 
used as capacitive motion detectors to sense the 
vibration of surface 34. In this configuration, the 
time relationship between the motion sensed at the 
fluid entry end of surface 34 will be delayed from 
the motion sensed at the fluid exit end of surface 
34 by an amount that is functionally related to mass 
flow rate through the conduit . It is anticipated 
that the flexibility of surface 34 can be enhanced 
by etching or machining thinner or weak areas 
associated with it to facilitate flexing motion. 

It is anticipated that the methods herein 
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described for the present invention can be employed 
on flow conduits with many cross -sectional shapes 
including circular, oval, elliptical, convoluted, 
irregular, rectangular, polygonal, and others. In 
addition, the cross -sectional shape of a flow 
conduit can be permanently deformed along its length 
to enhance its flexing characteristics and thus its 
sensitivity to mass flow. 

FIGURE 25 depicts an alternate to the preferred 
exemplary embodiment using a unique arrangement of 
motion sensors and signal processing methods, the 
benefits and operation of which will now be 
described. 

The embodiment of FIGURE 25 consists of flow 
conduit 101 which is preferably made of a strong 
flexible non-corrosive material such as stainless 
steel, however other materials such as glass, 
titanium or others could also be used, 

The ends of flow conduit 101 are formed into 
flexible joints 105 and 106 to reduce or eliminate 
axial stress affects. Flexible joints 105 and 106 
could alternately be replaced by one or more 
individual joints such as commercially available 
bellows, multiple flared sections, a change in 
diameter, or slip joints similar to that shown in 
FIGURE 24, or could singly be eliminated as shown in 
FIGURE 40 since they are not required for the 
operation of the invention, but offer a degree of 
performance improvement. 

Toward the ends of the straight center section 
of flow conduit 101 are stiffener rings 107 and 108 
which are fixedly attached to flow conduit 101, 
preferably by brazing, to isolate the prescribed 
radial vibration to the area of flow conduit 101 
between stiffener rings 107 and 108. Stiffener 
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rings 107 and 108 are preferably made of a metallic 
material such as stainless or carbon steel. 

In general, the purpose of stiff ener rings 107 
and 108 are to create a change in the stiffness of 
flow conduit 101 at specific locations along its 
length, and thereby isolate the primary radial 
vibration. Accordingly, stiff ener rings 107 and 108 
could be replaced by any means which causes a 
stiffness change in flow conduit 101 at specified 
locations, such as a change in the diameter or 
thickness of flow conduit 101, *a change in the 
material of flow conduit 101, a formed upset, and 
others . 

Accordingly, flexible joints 105 and 106 create 
a stiffness change at specified locations along the 
length of flow conduit 101, and thereby act as 
vibration isolation means without the need for 
stiff ener rings 107 and 108. However, stiff ener 
rings 107 and 108 offer a degree of performance 
increase and are therefore included in this 
embodiment . 

Mounted in association with flow conduit 101 is 
temperature sensor 109 which is preferably a 
platinum resistance thermal device (RTD) . 
Temperature sensor 109 is mounted so as to 
accurately measure the temperature of flow conduit 
101 while not interfering with any prescribed mode 
of vibration. Accordingly, temperature sensor 109 
is mounted on flow conduit 101 in the area of 
flexible joint 105 which is isolated from the radial 
vibration by stiff ener ring 107. Circuit component 
146 of FIGURE 26 uses signals from temperature 
sensor 109 to produce signal 165 which represents 
the temperature of flow conduit 101, and is conveyed 
to circuit component 140 for further processing. 
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The ends of flow conduit 101 are fixedly 
attached to manifolds 102 and 103 by a welding or 
brazing process to form a gas tight rigid 
connection. As an alternate to the rigid connection 
shown in FIGURE 25, FIGURE 40 shows a method of 
terminating flow conduit 101 in a slip joint 
arrangement where a gas tight seal is maintained 
using seals 162 and 163 . This arrangement eliminates 
axial stress effects from flow conduit 101 and 
thereby eliminates the need for flexible joints 105 
and 106. 

Fixedly attached to flow conduit 101 and 
located approximately half way between stif fener 
rings 107 and 108 are drive magnets 117 and 120. 
FIGURE 28 shows a cross sectional view through drive 
magnets 117 and 120 showing magnet 117 to be 
composed of a lower pole piece 147 fixedly attached 
to flow conduit 101 preferably by brazing, permanent 
magnet 148 fixedly attached to lower pole piece 147, 
and upper pole piece 149 fixedly attached to 
permanent magnet 148. Pole pieces 147 and 149 are 
preferably made of magnetically permeable material 
such as iron, High Permeability "49" or HyMu "80" by 
Carpenter Technology Corporation. Permanent magnet 
148 is preferably made of samarium- cobalt or alnico 
magnetic alloys. Alternate materials for both 
permanent magnet 148 and for pole pieces 147 and 149 
have been successfully tested or anticipated. 
Magnets 117 and 120 could alternately be single 
permanent magnets without pole pieces, 
electromagnets or the like. FIGURE 28 also shows 
drive magnet 120 to be a combination of pole pieces 
and a permanent magnet similar to drive magnet 117. 
Therefore, any motion driving or sensing magnetic 
arrangement could be constructed from a combination 
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of permanent magnet material and magnetically 
permeable material . 

Drive magnets 117 and 120 are located 
diametrically opposite each other to facilitate 
driving two prescribed modes of vibration, of which, 
the primary mode is a two lobed elliptically radial 
vibration mode, with no reversals of the orientation 
of its cross sectional shape along the length of 
flow conduit 101. The secondary mode is a simple 
bending mode, as shall further be explained. 

For alternate prescribed modes of vibration, 
one or more drive magnets could be located at 
different locations along the length or around the 
circumference of flow conduit 101. For example, 
FIGURE 29 shows an arrangement of three motion 
drivers 150, 151 and 152, mounted at intervals 
around the circumference of flow conduit 153 . This 
arrangement would facilitate driving flow conduit 
153 in a three lobed radial vibration such as 
depicted by FIGURE 12, as well as a second radial or 
a bending mode of vibration as well. Alternately 
FIGURE 30 shows four motion drivers 154, 155, 156 
and 157 mounted at intervals around the 
circumference of flow conduit 158. This arrangement 
would facilitate driving flow conduit 158 in a two 
or four lobed radial vibration pattern such as 
depicted by FIGURES 10, 11 or 13 as well as a second 
radial or a bending mode of vibration as well. 

Located part way between drive magnets 117 and 
120, and stiff ener ring 107, are pickoff magnets 111 
and 114 which are fixedly attached to flow conduit 
101, and are arranged in a diametrically opposite 
pattern similar to the drive magnet arrangement 
shown in FIGURE 28. 

Located part way between drive magnets 117 and 
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120, and stiffener ring, 108, are pickoff magnets 123 
and 126 which are fixedly attached to flow conduit 
101, and are arranged in a diametrically opposite 
pattern similar to the drive magnet arrangement 
shown in FIGURE 28. 

As an alternate to the diametrically opposite 
arrangement of pickoff magnets as was just 
described, one or more pickoff magnets could be 
arranged at different intervals along the length and 
around the circumference of flow conduit 101 such as 
the patterns shown for drive magnets in FIGURES 29 
and 30, and others. 

Arranged in association with flow conduit 101 
is support bracket 110 which is preferably made of 
non-magnetic material such as stainless steel. 
Support bracket 110 is not required for the 
operation of the invention however it facilitates 
design and manufacturing processes and is therefore 
included for practical reasons. 

Fixedly attached to support bracket 110 are 
drive coils 118 and 121 which are arranged in 
association with drive magnets 117 and 120 
respectively to collectively form motion drivers 119 
and 122 respectively. 

Fixedly attached to support bracket 110 and 
arranged in association with pickoff magnets ill and 
114 are pickoff coils 112 and 115 respectively which 
collectively form motion detectors 113 and 116 
respectively. 

Fixedly attached to support bracket 110 and 
arranged in association with pickoff magnets 123 and 
126 are pickoff coils 124 and 127 respectively which 
collectively form motion detectors 125 and 128 
respectively. 

Support bracket 110 can be designed to carry 
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all or a part of any axial stress or force that may- 
exist due to thermal expansion, pipeline or 
mechanical conditions. In addition, support bracket 
110 can be used to facilitate wiring and 
interconnection of any electrical components, and to 
facilitate testing of the assembly prior to the 
addition of any case. Many different embodiments 
for support bracket 110 are therefore anticipated 
including metallic pipe, tubing, square tubing, 
molded plastic, welded brackets and others. 

Enclosing the embodiment of FIGURE 25 is case 
104 which is fixedly attached to manifolds 102 and 
103 . Case 104 is not required for the operation of 
the invention however it can provide a number of 
useful features such as (1) protection of components 
from ambient conditions, (2) containment for fluid 
129 in the event of a leak, (3) containment of a 
prescribed amount of pressure or vacuum, (4) 
conveyance of purge gas to and from specified 
components, (5) conveyance of any axial stress or 
forces that may exist due to thermal expansion, 
pipeline or mechanical conditions, and others. Case 
104 is preferably made of a strong corrosion 
resistant material such as stainless steel pipe or 
sheet metal, and is fixedly attached to manifolds 
102 and 103 by a welding or brazing process to form 
a pressure tight seal. 

Case 104 could alternately be mounted using a 
slip joint arrangement such as 0-ring seals 171 and 
172, between case 104 and manifolds 102 and 103 as 
shown in FIGURE 40. This alternate arrangement 
could be used to eliminate axial stress or forces 
from being transmitted through case 104, to allow 
for easy removal of case 104 for inspection, or 
other purposes. 
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Mounted in association with case 104 is feed- 
trough 160 which allows for the conveyance of 
signals through the wall of case 104 via signal 
carriers 161. Feed- through 160 is preferably a 
hermetically sealed header however it could 
alternately be a ceramic, potted epoxy, or other 
type feed- through. A feed- through is not required 
for the operation of the device however it's 
inclusion enhances certain design parameters and is 
therefore included for practical reasons. 

The operation of the present invention 
according to the alternate exemplary embodiment of 
FIGURE 25 shall now be described. 

Referring to FIGURES 25, 26 and 27, fluid 129 
enters the device via manifold 102 as shown in 
FIGURE 25. Next, fluid 129 enters flow conduit 101 
and passes through flexible joint 105, through the 
center section of flow conduit 101, through flexible 
joint 106, and finally leaves the device via 
manifold 103 . It is understood that the device 
operates equally well with flow in either direction, 
therefore fluid 129 could alternately flow in the 
opposite direction to that shown. 

Drive coils 118 and 121 are electrically 
excited in series fashion, as shown in FIGURE 26, by 
signals 137 and 138, at a prescribed frequency and 
phase, from circuit component 144, to produce 
oppositely directed forces on drive magnets 117 and 
120 respectively, thus causing the primary two lobe 
elliptical mode of vibration similar to that shown 
in FIGURES 31 and 32. Concurrently, drive coils 118 
and 121 are electrically excited in parallel fashion 
from their center connection, at a prescribed 
frequency and phase, by signal 139 from circuit 
component 145, to produce similarly directed forces 
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on drive magnets 117 and 120 respectively, as shown 
in FIGURE 33 , thus causing a bending mode of 
vibration similar to that shown in FIGURE 41. 

As an alternate to using a two lobed elliptical 
radial mode of vibration as just described, a three 
lobed radial mode could be used for either the 
primary or the secondary drive mode by using a 
similar technique of connecting and exciting motion 
drivers 150, 151 and 152 of FIGURE 29, at the 
appropriate frequencies and phases to produce the 
three lobed radial mode as shown in FIGURES 34 and 
35, and/or the bending mode shown in FIGURE 36. 

As another alternate to using a two lobed 
elliptical radial mode of vibration as previously 
described, a four lobed radial mode could be used 
for either the primary or the secondary drive mode 
by using a similar technique of connecting and 
exciting motion drivers 154, 155, 156 and 157 of 
FIGURE 30, at the appropriate frequencies and phases 
to produce the four lobed radial mode as shown in 
FIGURES 37 and 38, and/or the bending mode shown in 
FIGURE 39. It is therefore understood that many 
possible combinations of radial and/or bending modes 
of vibration can be utilized by appropriate 
instrumentation and excitation of the flow conduit. 

In addition to using radial modes of vibration 
with no reversal in the orientation of their cross 
sectional shape along the length of flow conduit 101 
as just described, either the primary or the 
secondary mode of vibration could utilize a radial 
mode of vibration whereby the orientation of the 
cross sectional shape changes along the length of 
flow conduit 101, one or more times, as was 
previously described for the embodiment of FIGURE 1. 

Once the requisite modes of vibration are 
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established on flow conduit 101, pickoff coils 112, 
115, 124 and 127 will produce signals 131, 130, 132 
and 133 respectively, each of which represents the 
vibratory motion of flow conduit 101 at their coil's 
particular location, and will thus be a combination 
of both the primary and secondary frequencies as 
shown in FIGURE 27. 

Circuit component 141 combines signals 130 and 
131 to produce signal 134 which represents the sum 
of signals 130 and 131. By arranging coils 112 and 
115 so that the oppositely directed motion of 
FIGURES 31 and 32 will produce in-phase signals on 
coils 112 and 115, and the similarly directed motion 
of FIGURES 33 and 41, will produce out -of -phase 
signals on coils 112 and 115, the sum signal 134 
will essentially represent only the primary radial 
mode component of the motion at the location of 
coils 112 and 115. 

Since pickoff coils 112 and 115 will, as a 
practical matter, usually not produce signals 131 
and 130 of identical amplitude, this unique method 
reduces the amount of secondary frequency component 
on signal 134 by a large amount as can be seen by 
the following example. 

If the primary motion produces a signal 131 of 
1 volt amplitude from coil 112, and as previously 
explained, the secondary amplitude is held to a 
minimum value only as necessary to determine 
pressure and density, for instance 10% of the 
primary signal, then signal 131 could be 
mathematically expressed as follows; 

Signal 131 = l*sin(L 1 *t+D 1 ) + .l*sin(L 2 *t+D 2 ) (2) 
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Where (1^) and (L 2 ) represent the primary and 
secondary frequencies respectively, in radians/sec, 
(t) represents time, and (D x ) and (D 2 ) represent the 
phase or time shift of the primary and secondary 
signals due to mass flow rate. 

If coil 115 produces a signal 130 which is for 
example 10% larger amplitude for a given motion than 
corresponding signal 131, then signal 130 can be 
mathematically expressed as follows: 

Signal 130 = l.l*sin(L 1 *t+D 1 > - . ll*sin(L 2 *t+D 2 ) (3) 

This 10% error could be caused by a mismatch in 
the magnetic field strengths produced by magnets 111 
and 114, by a mismatch in the number of turns of 
wire on coils 112 and 115, a mismatch in components 
preceding circuit component 141, or other reasons. 

The sum signal 134 would then be mathematically 
expressed as follows: 

Signal 134 = 2 . l*sin(L 1 *t+D 1 ) - .01*sin(L 2 *t+D 2 ) (4) 

Thus yielding a primary to secondary amplitude 
ratio in sum signal 134 of 210/1, a reduction of 21 
times the original 10% error. 

Signal 134 is then conveyed to circuit 
component 140 for further processing. 

The second term of equation (4) contains a 
phase shifted term (D 2 ) proportional to mass flow 
rate and could therefore be used to measure mass 
flow rate. However, doing so would constitute 
operating a single tube in a bending mode without 
counter balance means and would therefore not 
exhibit the tremendous performance enhancement 
afforded by the present invention. 
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A similar method is employed to combine signals 
132 and 133, from pickoff coils 124 and 127 
respectively, using circuit component 142, to make 
signal 135 which represents the sum of signals 132 
and 133. Similar to signal 134, signal 135 
represent the oppositely directed motion and thus 
the primary radial motion of flow conduit 101 at the 
location of pickoff coils 124 and 127. 

Signal 135 is then conveyed to circuit 
component 140 for further processing, and 
additionally is conveyed to circuit component 144 to 
complete the drive servo loop for the primary radial 
mode vibration. 

Circuit component 144 uses amplitude and phase 
information from signal 135 and produces signals 137 
and 138 at appropriate amplitudes and phases to 
maintain the primary radial mode vibration at a 
prescribed level. 

Additionally, signals 132 and 133 are combined 
by circuit component 143 to produce signal 136 which 
represents the difference between signals 132 and 
133. 

Since, as previously explained, the sum signal 
135 of the pickoff signals 132 and 133 represents 
the oppositely directed motion and thus the primary 
radial mode of vibration, the difference signal 136 
represents the similarly directed motion and thus 
the secondary bending mode of vibration as shown in 
FIGURES 33 and 41. 

Using the previous example's value of a 10% 
difference between pickoff signal amplitudes, 
signals 132, 133, 135 and 136 can be mathematically 
described as follows: 
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Signal 132 



l*sin(L 1 *t-D 1 ) + 



.l*sin(L 2 *t-D 2 ) 



(5) 



Signal 133 



l.l*sin(L 1 *t-D 1 ) 



- .ll*sin(L 2 *t-D 2 ) 



(6) 



Signal 135 



2.1*sin(L *t-D 1 ) 



- .01*sin(L 2 *t-D 2 ) 



(7) 



Signal 136 = - . l*sin (L x *t-D ) 



+ .21*sin(L 2 *t-D 2 ) 



(8) 



Equation (7) shows the identical result for 
amplitude to that obtained in the earlier example of 
equation (4) since the same exemplary error value of 
10% was used for both cases, thus a nearly pure 
sinusoidal signal 135 is obtained by summing signals 
132 and 133. 

However, differential signal 136 represented by 
equation (8) shows a primary frequency component of 
.1 volts, in addition to the desired secondary 
vibration mode signal of .21 volts. 

To facilitate further processing using 
differential signal 136, its primary frequency 
component can be reduced or eliminated by a number 
of methods . 

For this embodiment, the method employed to 
reduce the primary frequency component on 
differential signal 136 is to arrange circuit 
component 143 as a differential operational 
amplifier including variable resistor 164 in its 
feedback loop. By adjusting variable resistor 164 
to the appropriate value, differential signal 136 
can be produced containing virtually no primary 
frequency component. 

Other methods of reducing or eliminating the 
primary frequency component on differential signal 
136 include matching of pickoff components to 
produce closely matched signal amplitudes, using a 
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variable gain amplifier on one of signals 132 or 133 
to match its corresponding signal, using filtering 
techniques, using a Fast Fourier Transform (FFT) and 
others . 

Differential signal 136 is then conveyed to 
circuit component 140 for further processing and 
additionally to circuit component 145 to complete 
the secondary drive servo loop. 

Circuit component 145 uses amplitude and phase 
information from signal 136 and produces signal 139 
at the appropriate amplitude and phase to maintain 
the secondary vibration mode at a prescribed level. 

Circuit component 140, uses signals 134, 135, 
136, 165 and 166, and determines the mass flow rate, 
pressure, density, temperature , viscosity, and other 
user defined parameters of fluid 129, as shall now 
be explained. 

Flowing fluid 129 interacting with the primary 
radial vibration of flow conduit 101, causes a 
Coriolis force distribution 167 along the wall of 
flow conduit 101 similar to that shown in FIGURES 46 
and 47. 

FIGURE 46 shows a representative Coriolis force 
distribution 167 that could be developed in the X-Y 
plane of flow conduit 101 due to the combination of 
moving fluid 129 and radial motion 168, at the time 
when flow conduit 101 is passing through its 
normally circular central position. FIGURE 47 shows 
a representative Coriolis force distribution 167 
that could be developed concurrently with that shown 
in FIGURE 46, but in the X-Z plane of flow conduit 
101 due to the combination of moving fluid 129 and 
radial motion 168, at the time when flow conduit 101 
is passing through its normally circular central 
position. 
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Flow conduit 101 will then deflect into the 
general shape of Coriolis force distribution 167 as 
shown in FIGURES 48 and 49, where FIGURE 48 is 
representative of the general shape of the 
deflection in the X-Y plane, and FIGURE 49 is 
representative of the general shape of the 
deflection in the X-Z plane, both greatly 
exaggerated for clarity. 

One measurable effect of the Coriolis force 
induced deflection of flow conduit 101 is a shift D 
in the time or phase relationship of both signals 
134 and 135, functionally related to mass flow rate, 
as shown in FIGURE 27. Signal 135 is seen to 
advanced in time while signal 134 is delayed in time 
due to mass flow rate. However, it is understood 
that alternate designs can reverse these phase 
relationships from those just described. 

Each of signals 134 and 135 shift their time 
relationship with respect to a non- shifting 
reference such as drive signal 137 or 138, as a 
function of mass flow rate. Accordingly, each could 
individually be used to measure mass flow rate by 
comparing either signals 134 or 135 to a non- 
shifting reference. However, using the difference D 
between signals 134 and 135 doubles the available 
measurement and is thus preferable. 

The amount of deflection of flow conduit 101 
from a given Coriolis force distribution is related 
to the stiffness of flow conduit 101 and thus 
controls the sensitivity of the device to mass flow 
rate. 

The stiffness and therefore the sensitivity of 
the device can change due to variations in the 
temperature, the pressure, and for certain designs 
the density of the process fluid. These parameters 
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alter sensitivity by affecting, among other things, 
the elastic modulus, the stress, and the dynamic 
response of flow conduit 101 respectively. These 
and other process fluid parameters are therefore 
measured both to compensate the mass flow rate 
signal for sensitivity changes, and to supply the 
user with valuable additional information about the 
process fluid, as shall now be explained. 

FIGURES 50, 51 and 52 show graphs of possible 
representative variations of the primary frequency 
169, and the secondary frequency 170, of flow 
conduit 101, as functions of pressure, density and 
temperature respectively. 

FIGURE 50 shows that an increase in pressure 
can possibly cause an increase in the frequency of 
both the primary and secondary modes of vibration, 
by different amounts. 

FIGURE 51 shows that an increase in density can 
possibly cause a decrease in the frequency of both 
the primary and secondary modes of vibration, again 
by different amounts. 

FIGURE 52 shows that an increase in temperature 
can possibly cause a decrease in the frequency of 
both the primary and secondary modes of vibration, 
typically by similar amounts. This is typical for 
materials that exhibit a decrease in elastic modulus 
with an increase in temperature such as stainless 
steel or titanium. 

As previously described, the mass flow rate 
passing through flow conduit 101 will be 
functionally related to (a) the time relationship 
between signals 134 and 135, (b) the stress in flow 
conduit 101 which will be functionally related to 
the pressure difference between the inside and the 
outside of flow conduit 101, (c) the elastic modulus 
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of flow conduit 101, which will be functionally 
related to its temperature, and (d) the density of 
the process fluid. This functional relationship can 
therefore be defined as follows; 

M' = f (D) * f(P) * f(D) * f(T) * f(L) (9) 

Where M' represents mass flow rate, f (D) is the 
functional relation between mass flow rate and the 
time difference between signals 134 and 135, f (P) is 
a factor representing any change in the sensitivity 
of the device due to pressure, f (D) is a factor 
representing any change in the sensitivity of the 
device due to density, f (T) is a factor representing 
any change in the sensitivity of the device due to 
temperature, and f (L) is a factor representing a 
linearity correction. 

Circuit component 140 of FIGURE 26 uses signals 
134, 135, 136 and 165 to determine the value of the 
factors in equation (9) and solve it for mass flow 
rate and other parameters as follows. 

Circuit component 140 of FIGURE 26 determines 
the time difference (D) between signals 134 and 135 
by measuring the interval between each signals 
passing of a reference voltage, such as zero 
crossing, using a known reference such as a voltage 
ramp from an integrator circuit, counting the number 
of pulses from a clock source, or other methods such 
as Fast Fourier Transforms and the like. The value 
of the time difference (D) then represents the 
uncompensated mass flow rate signal. 

Circuit component 140 then determines the 
pressure, density and temperature of the process 
fluid to both compensate the mass flow rate signal 
and to supply the user with this valuable additional 
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information, as follows . 

As shown on FIGURES 50, 51 and 52, the 
frequency for both the primary and the secondary 
vibrations typically vary as functions of pressure, 
density and temperature . One exception to this is 
when a material is used for flow conduit 101 which 
has a zero temperature coefficient of elastic 
modulus, such as Low Expansion 43 -PH by Carpenter 
Technology Corporation, thus causing the frequencies 
to be independent of temperature. These graphs can 
be calculated or determined by calibration for a 
particular design. 

A functional relation can therefore be 
developed mathematically defining each of the graphs 
in FIGURES 50, 51 and 52. These functional 
relations, along with primary frequency information 
from either of signals 134 or 135, secondary 
frequency information from signal 136, and 
temperature information from signal 165, are then 
used by circuit component 140 to determine the 
pressure and density of the process fluid. The 
frequencies of signals 134 or 135 and signal 136 are 
determined by measuring the cycle period using 
similar techniques to those previously described for 
measuring the time difference (D) between signals 
134 and 135. 

As a simplified example, the primary and 
secondary frequencies could have the following 
linear relationships, understanding however, that 
these relationships will normally not be simple 
linear relationships. 

F- = 2000 + 2(P) - 100(D) - .2(T) (10) 



F 2 = 800 + 1(P) - 70(D) - .1(T) 
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Where : 

p b Primary frequency in Hertz 

F 2 = Secondary frequency in Hertz 

P = Pressure in pounds per square inch 

D = Density in grams per cubic centimeter 

T = Temperature in degrees Centigrade 

Since temperature (T) is determined independently 
by temperature sensor 109 and circuit component 146, 
and frequencies Fl and F2 are determined by circuit 
component 140, equations (10) and (11) therefore 
represent a system of two equations with two unknowns 
which is then solved by circuit component 140 thus 
determining both density and pressure. For the above 
example, if the temperature is for example 100C, and 
the primary frequency is 2050 Hertz and the secondary 
frequency is 820 Hertz, then solving equations (10) and 
(11) yields a pressure of 47.5 pounds per square inch 
and a density of .25 grams per cubic centimeter. 

Once pressure, temperature and density are thus 
determined, the uncompensated mass flow rate signal, as 
previously determined from time delay (D) , can then be 
compensated by appropriate pressure, temperature and 
density factors as shown in equation (9) . 

In addition, equation (9) includes a linearity 
factor f (L) which can be used to correct non- 
linearities. For example, the relationship between 
time delay (D) and mass flow rate can be a function of 
the tangent of the phase angle shift of signals 134 and 
135. This slight non-linearity can thus be corrected 
by circuit component 140 by making the factor f (L) in 
equation (9) a tangent function. 

Circuit component 140 then supplies signals 
representing mass flow rate, pressure, density and 
temperature as outputs for the user, as shown in FIGURE 
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26. 

In addition, circuit component 140 can calculate 
process fluid viscosity as shall now be explained. 

Circuit component 144 produces signals 137 and 138 
which have the appropriate amplitudes and phases as 
necessary to maintain the primary vibration at a 
prescribed level as previously explained. Therefore by 
including appropriate circuitry within component 144, 
drive power signal 166 is produced which represents the 
power necessary to maintain the primary vibration 
level, and thus represents energy losses in the 
vibrating system. 

One method of determining this power using 
component 144, is to measure the primary drive current 
supplied to coils 118 and 121. This current 
interacting with the magnetic fields of drive magnets 
117 and 120 is therefore proportional to the primary 
drive force on flow conduit 101. Frequency and 
amplitude information from signal 135 can then be 
combined with this drive force information to produce 
drive power signal 166 . 

Since signal 166 represents the power necessary to 
maintain vibration level, it is functionally related to 
vibrational damping sources associated with the 
vibrating system. These sources include (a) viscous 
damping, functionally related to the viscosity of the 
fluid, (b) mechanical coupling causing vibrational 
energy loss to the surroundings due to vibrational 
imbalance, (c) acoustic coupling causing acoustic 
energy loss to the surroundings, (d) material damping 
losses from the material in flow conduit 101, and 
others . 

Since acoustic and mechanical coupling, and 
material damping can be held to be negligible or 
constant, or can be measured, signal 166 will primarily 
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be a function of viscous damping and thus the viscosity 
of the process fluid. Signal 166 can thus be used in 
conjunction with signals 135 and 165 , by circuit 
component 140, to determine fluid viscosity which can 
then be supplied as an output to the user as shown in 
FIGURE 26. 

Circuit component 140 can also determine user 
defined output signals as necessary for the user such 
as volumetric flow rate, scaled conversions, net flow, 
percentage flow, and others such as steam quality and 
energy flow rate. 

The previously described advantages of using two 
vibration modes to measure both pressure and density in 
addition to mass flow rate, can also be implemented on 
currently available bending mode type Coriolis mass 
flow meters as shall now be explained. 

FIGURES 42 and 43 show two views of a traditional 
U-shaped parallel path Coriolis mass flow rate meter. 
Under normal operation, flow conduits 200 and 201 are 
vibrated in opposition to each other in a bending mode 
of vibration similar to the tynes of a tuning fork. 
This can be accomplished by electrically exciting drive 
coil 203 in association with drive magnet 202, as 
necessary to produce the primary bending mode 
vibration. 

By exciting drive coil 203 at a second frequency, 
flow conduits 200 and 201 can be made to simultaneously 
vibrate in a second mode of vibration, either bending 
or radial . 

FIGURES 44 and 45 show two views of the cross 
section of flow conduits 200 and 201 being vibrated in 
an elliptically shaped radial vibration as a secondary 
vibration. Since a Coriolis flow meter of the 
embodiment of FIGURE 42 would measure mass flow rate 
using traditional bending mode vibration techniques, it 



WO 95/16897 



PCT/US94/14569 



57 

would not be necessary to use a radial mode of 
vibration for the secondary mode, thus any combination 
of bending or radial modes of vibration could be used 
for both the primary and the secondary modes with the 
restriction that the two modes must change frequency at 
different rates with pressure or density changes as 
previously explained. 

For the embodiment of FIGURE 43, drive coil 203 
was used both for exciting the traditional primary 
bending mode vibration as well as a secondary 
vibration. It is understood however, that a second 
motion driver could be installed and used on any 
portion of either of tubes 200 or 201 as necessary to 
excite a second mode of vibration for pressure and 
density measurement. 

FIGURES 44 and 45 show both flow conduits 200 and 
201 being vibrated simultaneously in radial modes of 
vibration, however, it is understood that any portion 
of either flow conduit could be vibrated as necessary 
to create the requisite reference frequency to measure 
pressure and density. 

The embodiments of FIGURE 1, 25 and 40 include 
components such as platinum RTD's, permanent magnets, 
coils, metal pipes and parts, all of which can be made 
to withstand temperatures in excess of 1000F. The 
current invention is therefore uniquely suited for high 
temperature applications. 

One important high temperature application in 
which the benefits of the current invention could be 
used to great advantage is measuring steam. This has 
traditionally been difficult to measure due to its high 
temperature and due to the fact that in the saturated 
condition, three independent properties are required to 
uniquely specify the state of the gas. Since the 
current invention measures pressure, temperature and 
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density, the quality of the steam and thus its state 
can be determined. In addition, since the mass flow 
rate is also known, the energy flow rate can be 
directly calculated from steam tables, thus creating an 
extremely valuable instrument for power plants and 
other industrial steam users. 

The embodiments previously described involve the 
use of some type of flow conduit where either all or a 
portion of the conduit vibrates as necessary to create 
the requisite Coriolis forces. However > it is not 
necessary to envelope the fluid stream within a conduit 
to use the benefits of the current invention. 
Accordingly, the embodiment of FIGURE 17 could be 
positioned within a larger duct or held in a free 
stream of moving gas or liquid. 

Although the present invention and its advantages 
have been described in detail, it should be understood 
that various changes, substitutions and alterations can 
be made herein without departing from the spirit and 
scope of the invention as defined by the appended 
claims . 
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WHAT IS CLAIMED IS: 

1. An apparatus for measuring a mass flow 
rate of a fluid in a flow conduit having a flexible 
surface extending along only a portion of a cross - 
sectional perimeter of said flow conduit, 
comprising: 

means for inducing vibration in said flexible 
surface, said vibration causing a deformation of 
said surface, said deformation substantially 
confined to said flexible surface; and 

means for measuring a change in said 
deformation. 

2 . The apparatus as recited in Claim 1 
wherein said measuring means comprises a first 
motion detector. 

3 . The apparatus as recited in Claim 2 
wherein said measuring means comprises a second 
motion detector. 

4. The apparatus as recited in Claim 2 
wherein said measured change is determined by 
measuring a change in the time relation of the 
motion sensed by said motion detector. 

5. The apparatus as recited in Claim 2 
wherein said measured change is determined by 
measuring a change in amplitude of motion sensed by 
said first motion detector. 

6. The apparatus as recited in Claim 1 
further comprising: 

an inlet manifold affixed to an end of said 
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conduit; and 

an outlet manifold affixed to an opposite end 
of said conduit. 

7. The apparatus as recited in Claim 1 
further comprising: 

a pressure -tight case, integral with said 
conduit, defining a pressure- tight chamber about 
said conduit, said chamber containing a prescribed 
amount of pressure. 

8 . The apparatus as recited in Claim 7 
further comprising: 

an inlet manifold affixed to an end of said 
conduit and defining a first wall of said pressure- 
tight chamber; and 

an outlet manifold affixed to an opposite end 
of said conduit and defining a second wall of said 
pressure -tight chamber. 

9. The apparatus as recited in Claim 8 
wherein said pressure -tight case reduces axial 
stress on said conduit. 

10. The apparatus as recited in Claim 1 
further comprising: 

a first temperature sensor in thermal 
communication with said conduit; and 

a second temperature sensor in thermal 
communication with a stress carrying means. 

11. The apparatus as recited in Claim 1 
wherein said apparatus further comprises means for 
isolating vibration associated with said surface to 
said surface. 
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12. The apparatus as recited in Claim 1 
wherein said apparatus further comprises axial 
stress reduction means associated with said conduit. 

13 . A method of measuring a mass flow rate of 
a fluid in a flow conduit having a flexible surface 
extending along only a portion of a cross -sectional 
perimeter of said flow conduit, comprising the steps 
of: 

inducing a vibration in a flexible surface 
associated with said conduit, said vibration causing 
deformation of said surface, said deformation 
substantially confined to said flexible surface; and 

measuring a change in said deformation. 

14. The method as recited in Claim 13 wherein 
said step of measuring comprises the step of 
detecting motion with a first motion detector 
located at a first location along a length of said 
flexible surface. 

15. The method as recited in Claim 14 wherein 
said step of measuring comprises the step of 
detecting motion with a second motion detector 
located at a second location along said length of 
said flexible surface. 

16. The method as recited in Claim 14 wherein 
said change is determined by measuring a change in 
the time relation of said motion from said first 
motion detector. 

17. The method as recited in Claim 14 wherein 
said change is determined by measuring a change in 
the amplitude of said motion sensed by said first 
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motion detector. 

18. The method as recited in Claim 13 further 
comprising the steps of: 

sensing a first temperature of said conduit; 

and 

sensing a second temperature of a stress 
carrying means. 

19. The method as recited in Claim 13 further 
comprising the step of isolating vibration 
associated with said conduit to said flexible 
surface . 

20. The method as recited in Claim 13 further 
comprising the step of applying a prescribed amount 
of pressure between a pressure -tight case 
surrounding said conduit and said conduit. 

21. An apparatus for measuring a flow rate of 
a fluid, comprising: 

flexible surface extending along only a portion 
of a cross -sectional perimeter of a flow conduit; 

means for inducing vibration in said flexible 
surface, said deformation substantially confined to 
said flexible surface, said vibration causing a 
deformation of said flexible surface; and 

means for measuring a change in said 
deformation. 

22. The apparatus as recited in Claim 21 
wherein said means for measuring comprises a first 
motion detector. 
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23 • The apparatus as recited in Claim 22 
wherein said means for measuring comprises a second 
motion detector. 

24. The apparatus as recited in Claim 22 
wherein said change is determined by measuring a 
change in the time relation of the motion sensed by 
said motion detector. 

25 . The apparatus as recited in Claim 22 
wherein said measured change is determined by 
measuring a change in amplitude of motion sensed by 
said motion detector. 

26. The apparatus as recited in Claim 21 
further comprising: 

a first temperature sensor in thermal 
communication with said conduit; and 

a second temperature sensor in thermal 
communication with a stress carrying means. 

27. The apparatus as recited in Claim 21 
wherein said apparatus further comprises means for 
isolating vibration associated with said surface to 
said surface. 

28. The apparatus as recited in Claim 21 
wherein said apparatus further comprises axial 
stress reduction means associated with said conduit. 

29. A method of measuring a flow rate of a 
fluid, comprising the steps of: 

inducing a vibration in a flexible surface 
extending along only a portion of a cross -sectional 
perimeter of a flow conduit, said vibration causing 
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deformation of said surface, said deformation 
substantially confined to said surface; and 
measuring a change in said deformation. 

30. The method as recited in Claim 29 wherein 
said step of measuring comprises the step of 
detecting motion with a first motion detector 
located at a first location along a length of said 
flexible surface. 

31. The method as recited in Claim 30 wherein 
said step of measuring comprises the step of 
detecting motion with a second motion detector 
located at a second location along said length of 
said flexible surface. 

32. The method as recited in Claim 30 wherein 
said change is determined by measuring a change in 
the time relation of said motion from said first 
motion detector. 

33. The method as recited in Claim 30 wherein 
said change is determined by measuring a change in 
the amplitude of said motion sensed by said first 
motion detector. 

34. The method as recited in Claim 29 further 
comprising the steps of: 

sensing a first temperature of said conduit; 

and 

sensing a second temperature of a stress 
carrying means . 

35. The method as- recited in Claim 29 further 
comprising the step of isolating vibration 
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associated with said conduit to said flexible 
surface. 

36. The method as recited in Claim 29 further 
comprising the step of applying a prescribed amount 
of pressure between a pressure- tight case 
surrounding said conduit and said conduit. 

37. An apparatus for measuring a pressure of a 
fluid in a flow conduit, comprising: 

means for inducing a vibration in said conduit; 

and 

means for measuring a frequency of said 
vibration. 

38. The apparatus as recited in Claim 37 
wherein said measuring means comprises a first 
motion detector located at a first location along a 
length of said conduit. 

39. The apparatus as recited in Claim 38 
wherein said measuring means comprises a second 
motion detector located at a second location along 
said length of said conduit. 

40. The apparatus as recited in Claim 37 
further comprising: 

an inlet manifold affixed to an end of said 
conduit ; and 

an outlet manifold affixed to an opposite end 
of said conduit. 

41. The apparatus as recited in Claim 37 
further comprising: 

a pressure -tight case, integral with said 
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conduit, defining a pressure- tight chamber about 
said conduit, said chamber containing a prescribed 
amount of pressure. 

42. The apparatus as recited in Claim 41 
further comprising: 

an inlet manifold affixed to an end of said 
conduit and defining a first wall of said pressure- 
tight chamber; and 

an outlet manifold affixed to an opposite end 
of said conduit and defining a second wall of said 
pressure- tight chamber. 

43. The apparatus as recited in Claim 42 
wherein said pressure- tight case reduces axial 
stress on said conduit. 

44. The apparatus as recited in Claim 37 
further comprising: 

a first temperature sensor in thermal 
communication with an interior of said conduit; and 

a second temperature sensor in thermal 
communication with an exterior of said conduit. 

45. The apparatus as recited in Claim 37 
further comprising means for isolating vibration 
associated with said conduit to a selected portion 
of said conduit. 

46. The apparatus as recited in Claim 37 
further comprising axial stress reduction means 
associated with said conduit. 

47. An apparatus for measuring a density of a 
fluid in a fluid container, comprising: 
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means for inducing a radial vibration in said 
fluid container; and 

means for measuring a frequency of said 
vibration. 

48. The apparatus as recited in Claim 47 
wherein said inducing means induces a plurality of 
vibrations in said fluid container, said plurality 
of vibrations having a plurality of axes of 
vibration associated therewith. 

49. An apparatus for measuring a viscosity of 
a fluid in a fluid container, comprising: 

means for inducing a vibration in said fluid 
container, said means for inducing requiring an 
expenditure of energy; and 

means for measuring said energy expended. 

50. An apparatus for measuring a viscosity of 
a fluid in a fluid container, comprising: 

means for vibrating said fluid container at a 
prescribed amplitude; 

means for measuring the force to vibrate said 
fluid container; and 

means for measuring an amplitude and a 
frequency of said vibrating. 

51. A method of measuring a pressure of a 
fluid in a flow conduit, comprising the steps of: 

inducing a vibration in said conduit; and 
measuring a frequency of said vibration. 

52. The method as recited in Claim 51 wherein 
said step of measuring comprises the step of 
detecting motion with a first motion detector 
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located at a first location along a length of said 
conduit . 

53. The method as recited in Claim 52 wherein 
said step of measuring further comprises the step of 
detecting motion with a second motion detector 
located at a second location along said length of 
said conduit. 

54. The method as recited in Claim 51 further 
comprising the steps of: 

affixing an inlet manifold to an end of said 
conduit; and 

affixing an outlet manifold to an opposite end 
of said conduit . 

55. The method as recited in Claim 51 further 
comprising the steps of: 

sensing a first temperature of said conduit; 

and 

sensing a second temperature of a stress 
carrying means. 

56 . The method as recited in Claim 51 further 
comprising the step of isolating vibration 
associated with said conduit to a selected portion 
of said conduit. 

57. The method as recited in Claim 51 further 
comprising the step of applying a prescribed amount 
of pressure between a pressure- tight case ^ 
surrounding said conduit and said conduit. 

58. The method as recited in Claim 51 further 
comprising the step of reducing axial stress 
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associated with said conduit, 

59. A method of measuring a density of a fluid 
in a fluid container, comprising the steps of: 

inducing a radial vibration in said fluid 
container; and 

measuring a frequency of said vibration. 

60. The method as recited in Claim 59 wherein 
said step of inducing is performed a plurality of 
times to thereby induce a plurality of vibrations in 
said fluid container, said plurality of vibrations 
having a plurality of axes of vibration associated 
therewith. 

61. A method of measuring a viscosity of a 
fluid in a fluid container, comprising the steps of: 

inducing a vibration in said fluid container, 
said inducing requiring an expenditure of energy; 
and 

measuring said energy expended. 

62. A method of measuring a viscosity of a 
fluid in a fluid container, comprising the steps of: 

vibrating said fluid container; and 
measuring an amplitude and a frequency of said 
vibrating . 

63. A system for processing fluids, 
comprising: 

means for measuring a mass flow rate of a fluid 
in a flow conduit having a flexible surface, 
comprising: 

means for inducing first and second radial 
modes of vibration causing deformation in said 
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flexible surface; 

means for measuring a change in said 
deformation; 

means for measuring a difference in frequency 
of vibration of said first and second vibrations; 
and 

means for measuring a ratio of a frequency of 
said first vibration to a frequency of said second 
vibration; 

said measuring means comprising a first motion 
detector located at a first location along a length 
of said flexible surface and a second motion 
detector located at a second location along said 
length of said flexible surface, said second 
location being separated from said first location; 

said measured change being determined by 
measuring a change in time difference between motion 
sensed by said first motion detector and motion 
sensed by said second motion detector; 

said measured change further being determined 
by measuring a change in amplitude of motion sensed 
by said first and second motion detectors; 

a pressure- tight case, integral with said 
conduit, defining a pressure- tight chamber about 
said conduit, said chamber containing a prescribed 
amount of pressure; 

an inlet manifold affixed to an end of said 
conduit and defining a first wall of said pressure- - 
tight chamber; 

an outlet manifold affixed to an opposite end 
of said conduit and defining a second wall of said 
pressure -tight chamber; 

said pressure- tight case reducing axial stress 
on said conduit; 

a first temperature sensor in thermal 
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communication with an interior of said conduit and a 
second temperature sensor in thermal communication 
with an exterior of said conduit; 

means for isolating vibration associated with 
said flexible surface to said flexible surface; and 

means for controlling said system in response 
to data produced by said mass flow rate measuring 
means • 

64. A method of controlling a system for 
processing fluids, comprising the steps of: 

measuring a mass flow rate of a fluid in a flow 
conduit having a flexible surface, comprising the 
steps of: 

inducing first and second radial mode 
vibrations in said flexible surface, said vibrations 
causing deformation of said flexible surface; 

measuring a change in said deformation; 

measuring a difference in frequency of 
vibration of said first and second- vibrations; 

measuring a ratio of a frequency of said first 
vibration to a frequency of said second vibration; 

detecting motion with a first motion detector 
located at a first location along a length of said 
conduit and a second motion detector located at a 
second location along said length of said conduit, 
said second motion detector location being separated 
from said first motion detector location; 

said change being determined by measuring a 
change in time difference between said motion sensed 
by said first motion detector and said motion sensed 
by said second motion detector; 

said change further being determined by 
measuring a change in amplitude of said motion 
sensed by said first and second motion detectors; 
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sensing a first temperature of an interior of 
said conduit; 

sensing a second temperature of an exterior of 
said conduit; 

isolating vibration associated with said 
flexible surface to said flexible surface; 

applying a prescribed amount of pressure 
between a pressure -tight case surrounding said 
conduit and said conduit; and 

controlling said system in response to data 
produced by said measuring said mass flow rate. 
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